ABSTRACT LTE deployed with both licensed and unlicensed bands (LTE-U) is one of the promising approaches to meet the rapidly growing data demand in wireless networks. In this paper, both throughput and fairness for the LTE-U system are maximized by a multi-objective optimization problem. Then, a log-sumexp approximation method is developed to convert the multi-objective optimization into a single objective optimization problem. At the same time, the tradeoff between throughput and fairness is mathematically depicted by a control parameter. To tackle the obtained single objective optimization problem, a Markov chain directed algorithm is developed to convert it into a coexistence protocol design subproblem at the MAC layer and a resource allocation subproblem at the physical layer, respectively. Then, we propose adaptive exponential backoff schemes for both the LTE-U devices and the incumbent devices on the unlicensed bands. After that, a low-complexity two-iterative optimization procedure is developed to jointly allocate the licensed and unlicensed resources of the LTE-U system. The simulation results show that our proposed coexistence protocol and resource allocation can achieve fair coexistence between the LTE-U devices and the incumbent devices on the unlicensed bands, moreover it can achieve higher throughput than the non-adaptive coexistence protocol in the unlicensed bands.
I. INTRODUCTION
The amount of data generated by smartphones, tablets, PDAs and new mobile computing devices has doubled each year, and this trend will be likely to continue in the next decade [1] . As a result, the scarce licensed spectrum bands in cellular networks have been convinced difficult to carry these mobile data traffic. To overcome this difficult, the Federal Communications Committee (FCC) opened 295 MHz bandwidth in the unlicensed 5 GHz spectrum band to relieve the pressure on wireless networks [2] . Different from the licensed spectrum, unlicensed spectrum is a completely open spectrum resource to different radio access technologies (RAT) as long as they
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comply with the relevant regulations. Therefore, deploying LTE over unlicensed (LTE-U) spectrum has been proposed and is currently under the consideration of Third Generation Partnership Project (3GPP) in its future standards [3] . However, LTE utilizes centralized scheduling protocol and incumbent systems on unlicensed bands are deployed with the distributed coordination function (DCF), so that the coexistence of LTE-U and incumbent systems will cause increased interference to each other and the overall system performance will be degraded.
Currently, there are two major coexistence mechanisms for LTE-U system: (a) duty-cycle method [4] , [5] and (b) listen-before-talk (LBT) [6] , [7] . The basic idea of dutycycle method is to rely on the LTE's centralized scheduling to periodically turn its signal off and on by using almost blank subframes (ABSs) so that the incumbent systems can have adequate access time. Obviously, LTE-U system dominates the operation of the whole system, and the incumbent systems' performance will be seriously affected. For the LBT mechanism, LTE-U should detect whether the channel is idle before transmission. If the channel is busy, it will wait for some time, otherwise it will occupy the unlicensed bands. Several LBT-based coexistence mechanisms have been proposed in these years. For example, in [8] , static and uniformly distributed backoff scheme was developed for the equipments utilizing unlicensed band. Based on the LBT mechanism, the unlicensed band was shared in time among different users [7] , [9] , and the unlicensed-band usage was best characterized by the fraction of time that a device accesses the channel. However, the fairness and adaptability have not been thoughtfully investigated in these works.
Another challenge comes from the joint allocation of both licensed and unlicensed resource. In fact the resource allocation for LTE-U has been drawing attentions for a long time [10] - [13] , while all of them neglected the fact that most practical systems adopt discrete power control with a limited number of power levels [14] . It's worth noting that the current 3GPP LTE standard of wireless networks only supports discrete power control in the downlink transmission via a user specific data-to-pilot-power offset parameter [15] . Compared with continuous power control, discrete power control not only can simplify the design of transmitter but also reduce the cost of the information exchange overhead within system. However, the discrete power control usually leads to a combinatorial optimization problem, which has been proved to be NP-hard. Despite that many suboptimal algorithms have been proposed in [16] - [18] for solving the discrete power control problem, these works only concentrated on licensed resource. It is difficult to directly applying these methods on the joint design of licensed and unlicensed resource allocation. That is because the interference from LTE-U system to incumbent devices on unlicensed bands should not be ignored and the fairness between different devices must be thoughtfully investigated.
In this paper, we consider the LTE-U deployed with both licensed and unlicensed bands. Based on the fact that 3GPP has identified LBT as a working assumption of the standardizing LTE-U systems [19] , we focus on a similar LBT coexistence protocol design in our proposed system. Besides, we assume a more practical setting for the LTE-U that includes a limited number of power levels. The LTE-U shares the licensed bands by using Orthogonal Frequency Division Multiple Access (OFDMA) technique and the unlicensed bands by time division multiple access (TDMA) manner. For ensuring that each device has the opportunity to access the unlicensed bands, we define a fairness criterion by using the negative entropy function, restricted to the time occupancy fraction simplex. The problem of this paper is formulated as a multi-objective optimization to maximize the system throughput and as well the fairness of devices by joint power, licensed and unlicensed bands allocation, while guaranteeing the basic transmit rate requirements of devices. In brief, the main contributions of this paper can be summarized as follows:
• A markov chain directed strategy is developed to convert the multi-objective optimization into a coexistence protocol design subproblem at the MAC layer and a resource allocation subproblem at the physical layer. At the same time, the throughput and fairness tradeoff framework is mathematically depicted by a control parameter. Only by adjusting the control parameter, the proposed backoff scheme provides a controllable method to balance the tradeoff performance and let the network operate in a predefined state.
• The adaptive exponential backoff schemes are developed for both the LTE-U devices and the incumbent devices on unlicensed bands. It should be noted that the backoff window size can be adaptively adjusted based on the available device throughput utility.
• A low-complexity two-iterative optimization procedure is developed for the resource allocation subproblem, which is proved to be an mixed integer programming. First, with fixed transmit power, the optimal subchannel allocation solution is obtained. Then, a greedy algorithm is developed to control the transmit power on both licensed and unlicensed bands. The organization of the rest of this paper is as follows: In Section II, we present the network model and problem formulation. The adaptive coexistence protocol are given in Section III. The resource optimization procedure is proposed in Section IV. In Section V, we present the simulation results to evaluate the proposed scheme. Finally, the conclusion is drawn in Section VI.
II. SYSTEM MODEL
We consider a LTE-U small base station (SBS), which can access both licensed bands and unlicensed bands concurrently. There exist M = {1, 2, · · · , M } sDevices associated with the SBS. Conventionally, the SBS provides the basic service rate for the sDevices through the licensed bands, and utilizes unlicensed bands to cope with the large traffic data transmission service, such as eMBB in 5G. We assume that the sDevices coexist with many incumbent devices on the unlicensed bands, and these incumbent devices are represented as wDeivces. The set of L = {1, 2, · · · , L} wDevices shair the unlicensed bands with sDeivces in time domain, so that the subchannels are not considered at the unlicensed bands [20] . In this paper, we only consider the downlink transmission for the ease of exposition.
A. sDevice TRANSMISSION RATE ON LICENSED BANDS
We assume that the licensed band is divided into K subchannels, each with a bandwidth of W . Then the transmission rate for sDevice m served by SBS on subchannel k is given as
where p k m and g k m are the transmit power and channel gain between SBS and sDevice m on sub-channel k, respectively, N 0 is the noise power density. Due to the fact that only a limited number of power levels are used in practical systems, we assume that the transmit power p k m can only be chosen from a discrete power level set
, where px k m is the index of power level and p L max denotes the maximum transmission power over a sub-channel.
Then, the overall transmission rate of sDevice m on licensed bands can be computed as
where x k m is the subchannel allocation indicator, i.e. 
B. sDevice TRANSMISSION RATE ON UNLICENSED BANDS
In order to be compatible with wDevices, the SBS shares the unlicensed bands in a time division manner. The achieved data rate for sDevice m on unlicensed bands can be written as
where t m is the time fraction occupied by sDevice m on the unlicensed bands, p U m and h U m are the transmit power and channel gain between SBS and sDevice m, respectively. Similar to the transmit power at licensed bands, p U m can only be chosen from a discrete power level set
where pt m is the index of power level and p U max denotes the maximum transmit power on unlicensed bands. In order to guarantee that each sDevice can access the unlicensed band, the time fraction t m should be insured t m > 0, ∀m.
Based on Eqs. (2) and (3), the achieved data rate for sDevice m is given as
C. wDevice TRANSMISSION RATE
For the wDeivces, distributed coordinated function (DCF) with exponential backoff scheme is employed to contend the unlicensed bands. Hence, at any instant only one wDevice is transmitting over the whole spectrum band except a collision happens. Let R l denote the total transmit rate of wDevice l, then it can be computed as
where t l is the time fraction occupied by wDevice l on the unlicensed bands, R w l is the instantaneous transmission rate according to the signal-to-interference-plus-noise ratio (SINR) and the PHY specifications of the IEEE 802.11 protocol [21] .
D. FAIRNESS FOR COEXISTENCE
It should be noted that fairness is a key design consideration for the coexistence of different devices on unlicensed bands. Because that the unlicensed spectrum is a completely open spectrum resource to different devices as long as they comply with the relevant regulations, so it must be ensure that each device has the opportunity to access the unlicensed bands.
Entropy was introduced by Shannon [22] in communication system. Since it also reflects fairness aspects, so many researchers [23] - [25] employed it as a measure of fairness. Hence, we use the following entropy function to define the fairness criterion Therefore, maximizing the fairness criterion F(t) can guarantee that each device has the equal opportunity to access the unlicensed bands. Moreover, it will found in Section III that this design of fairness criterion in fact opens a new design space for developing the coexistence protocol of the devices on unlicensed bands.
E. PROBLEM FORMULATION
In this paper, our objective is to maximize both the system throughput and the fairness with the constraint of satisfying each sDevice's basic data requirement. Thus, the optimization problem can be formulated as
where w 1 ∈ (0, 1), w 2 ∈ (0, 1), and w 1 + w 2 = 1. Here, w 1 and w 2 represent the weights of throughput of sDevices and wDevices respectively. By choosing appropriate values, the operators can give higher preference to sDevices or wDevices. Constraint C1 specifies that the transmission rate of each sDevice should be larger than its basic rate requirement. C2 guarantees the orthogonality of channel allocation on licensed bands. C3 shows the total unlicensed band usage time should be less than 1. C4 is transmit power constraint on the unlicensed bands due to the corresponding regulations [26] . C5 is the transmit power constraint on both licensed and unlicensed bands. In problem (7), both subchannel allocation variable x and transmit power allocation variables p L and p U are integer variables, while the time fractions t m and t l are continuous variables, these characteristics make the problem a combinatorial optimization, which is generally a NP-hard problem. Moreover, different from the existing works to guarantee the time fraction t m , t l ≥ 0 [19] , [26] - [28] , problem (7) proposes t m , t l > 0 to promise that each device has the opportunity to access the unlicensed bands. It can prevent the case that some device will exclusively occupy the unlicensed bands greedily, i.e. ∃t m = 1 or ∃t l = 1. Besides, problem (7) is a multi-objective optimization problem and it is hard to derive a closed-form solution. In the following, we adopt a Markov approximation framework to solve problem (7) because of its ability of approximation and solving combinatorial problems [29] , [30] , which will be presented in the next section.
III. COEXISTENCE PROTOCOL DESIGN VIA MARKOV APPROXIMATION
Our proposed solution framework contains three steps: At the first step, we should analyze the throughput maximization problem and decompose it into a master problem and several subproblems; The second step is to convert the multiobjective optimization into a single objective optimization problem by using the log-sum-exp approximation and then give the tradeoff analysis between throughput and fairness. At the third step, we should derive the coexistence protocol for different devices using the unlicensed bands.
A. PROBLEM DECOMPOSITION
Due to the difficulties of solving problem (7), we first assume that the time fractions are given, and then analyze the throughput objective. To gain insight on the structure of problem (7), we write the throughput objective function as
For the case of convenience, we can use the same index i to denote the device that contends to the unlicensed bands. Then, let i ∈ I and I = M+L, the transmit power p U i and transmit rate R i of device i can be rewritten as
Replacing the corresponding terms by Eqs. (9) and (10), the objective function and C5 can be rewritten as
It can be easily seen that the throughput objective function in problem (7) is an increasing function of t i . In order to maximize the throughput, the equality must be achieved for constraint C3, that is,
Then, Eq. (12) can be rewritten as
Similarly, Eq. (11) can be rewritten as
Let U i be the maximum system throughput utility under the time fraction t i . Problem (7) can be decomposed into one master problem and I subproblems. The master problem can be formulated as
s.t.
Given the time faction t i , U i can be calculated in two cases. When i ∈ M, U i is the optimal value of the following subproblem
Similarly, when i ∈ L, the subproblem can be formulated as
Based on the decomposition method above, the throughput maximization in problem (7) has been decomposed into one master problem and several subproblems. However, there are still many difficulties for solving these problems. On the one hand, both subproblems (17) and (18) are integer problems, which are difficult to solve in practical networks, especially for the case with a large numbers of subchannels and devices. On the other hand, it seems that the upper bound of problem (16) can be given by computing the max function: max i∈I U i , and make the corresponding t i equal to 1. While, both the fairness objective function and the constraint ∀t i > 0 make this solution infeasible. Thus, finding a feasible solution for problem (16) is a challenge task. To overcome this challenge, we will propose the Markov approximation framework for searching the bounded near optimal solution of problem (16) in the following subsections.
B. LOG-SUM-EXP APPROXIMATION
We first define a differentiable log-sum-exp function to gain insights on the structure of problem (16) 
where
and β is a positive constant.
Because the convexity of log-sum-exp, g β (U) is a convex function. Besides, g β (U) is a closed function due to its closed set domain. Then, we use this function to approximate the upper bound of problem (16) [31] :
For the log-sum-exp function g β (U), its conjugate function can be computed as [31] g *
Because the log-sum-exp function g β (U) is convex and closed function, the conjugate of its conjugate g * β (t) is itself [29] . Based the definition of the conjugate function, 1 we obtain that g β (U) is equivalent to solving the following optimization problem
Here, we observe that the first term of the objective function happens to be the weighted throughput in problem (16) , and that the negative entropy function at the second term of the objective function, restricted to the probability simplex, happens to be the fairness objective in problem (7) . Therefore, the multi-objective optimization in (7) is converted into a single objective optimization problem by using the log-sumexp approximation method. Then, by using the KKT conditions, we obtain the time fraction probability distribution t * , which is given as
It can be easily seen that even U i equals to zero, its corresponding time fraction probability t * i (U i ) is larger than zero. Hence, Eq. (23) guarantees that each device has the opportunity to access the unlicensed bands. However, Eq. (23) requires completeness, i.e. complete information on I which can be difficult to find in a practical wireless network due to the large solution space. More specifically, for obtaining its time fraction probability t i , each device i must solve all of the feasible problems on I, which is computationally exhaustive. However, based on the time-sharing of the unlicensed band according to their portion t * i (U i ), we can obtain a useful insight on designing the distributed coexistence protocol in the following subsection. Moreover, the throughput and fairness tradeoff performance can be mathematically depicted by the following theorem.
Theorem 1:
The log-sum-exp approximation scheme can achieve the following tradeoff performance between throughput and fairness, i.e.
where U min is the lower bound of the system throughput. Proof: See Appendix B. It shows that the throughput and fairness performance are proportional and conversely with the value of β, respectively. As a result, we can balance the throughput-fairness performance with the control parameter β and let the network operate in a predefined state.
C. MARKOV CHAIN DIRECTED ALGORITHM (MCDA)
The product form (23) can be considered as the distribution of a time-reversible Markov chain, where each state represents a certain unlicensed bands allocation. Hence, the idea of this subsection is to design a Markov chain with the state space being I and the stationary distribution being t * . Let state i represent the unlicensed band allocated to specified device i. All of the feasible states are contained in set I. Let q i,i and q i ,i be the transition rates from i → i and i → i, respectively. When the Markov chain converges to stationary, its probability distribution will be time-shared according to Eq. (23) . Driven by Eq. (23), the states with high utilities will achieve high probabilities. As a result, these states will be maintained at most of the time. Therefore, the tradeoff performance will be achieved at the approximated optimality gap in Theorem 1. It was proven in [29] that there exist more than one time reversible ergodic Markov chains whose probability distribution can be represented as the product form of Eq. (23) .
In order to construct a time-reversible Markov chain with stationary distribution in Eq. (23), the following two sufficient conditions should be followed [29] .
• Any two states should be reachable from each other.
• The following balanced equation should be satisfied for all of the states. i.e.
Based on the two conditions above, the transition rates can be designed [29] as correlated to the target system performance U i under state i
where q i ,i is defined symmetrically. For achieving the transition rate in Eq. (24), we propose a Markov Chain Directed Access (MCDA) mechanism. As shown in Fig. 1 , device i waits for a backoff time with mean equal to H i . During the count down process, if the sDevice senses another interfering device is in transmission, it will freeze the countdown process. When the transmission is over, the sDeivce restart the countdown process according to the residual back-off time. Based on the state transition of MCDA, the probability that the user will transmit its packet can be computed as [32] 
Then, for making the MCDA converges to the stationary distribution in Eq. (23), we give the following theorem.
Theorem 2: If the backoff window satisfies
H i = 2 (M + L) exp(βU i ) − 1 where β ≤ 1 U max log 2 M +L ,
the MCDA mechanism can realize the transition rate in Eq. (24) and achieve a time-reversible Markov chain with stationary distribution given in Eq. (23).

IV. LOW-COMPLEXITY SUBOPTIMAL RESOURCE ALLOCATION
Recalled that the resource allocations in (17) and (18) are mixed-integer programmings, which are NP-hard problems. To tackle its computational complexity, we try to separate the problem into two subproblems and adopt a two-step-iterative approach (TSIA) to solve them. At the first step, under the assumption of equal power allocation on each subchannel, we should solve the subchannel allocation problem. Then, the derived subchannel allocation solution is used for searching the corresponding power control solution by Algorithm 1 at the second step. Steps 1 and 2 are iteratively executed until the current subchannel and power control solutions are not much different from their values in the previous iteration. In other words, the iterative procedure can be given as
where ι > 0 is the iteration index. Obviously, this method can reduce the number of variables by half in each optimization subproblem and reduce the computational complexity of the original problems [33] , [34] . However, it should be noted that both the subchannel allocation and power control problems are still integer programming, both of which still suffer high VOLUME 7, 2019 computational complexity. In the following, we will develop the relaxation and greedy algorithms for solving them respectively.
A. SUBCHANNEL ALLOCATION
The subchannel allocation problems are integer problems, which are difficult to solve in practical setting with a large set of sDevices and subchannels. In the following, we will relax the problem into continuous linear programming and employ the Lagrangian relaxation method for solving problem (17) . Fortunately, the special structure of our optimization problem allows us to derive an optimal solution. Moveover, the similar method can be directly used to solve problem (18) . By relaxing the integer variable x into continuous interval [0, 1], we can rewritten problem (17) as
Since all of the constraints are linear functions, the Slater's condition is always satisfied for the problem above, hence it leads to a zero Lagrange duality gap [31] . We relax the QoS constraint and the total transmit power constraint by introducing the dual variables λ m and µ, obtaining the following Lagrangian:
where k m is represented as
Then, the corresponding Lagrange dual is
The dual problem of (27) is
Due to its convexity, the optimal values µ * and λ * of dual problem (31) can be solved by using the gradient descent method. Given the optimal values µ * and λ * , subchannel allocation solutions can be obtained from the classical linear assignment problem in (31). It's not difficult to understand that the optimal solution can be given as
Eq. (32) shows that the optimal solution of the relaxed problem is still integer. That is to say, the optimal solution of the relaxed continuous linear programming problem in (28) is the same as that of the integer problem in (17) .
B. SUBOPTIMAL POWER CONTROL
With the subchannel allocation results, the power control problem can be given as
Power allocation problem (33) with discrete power level is proved to be NP-hard [18] , [35] . In the following, we will propose a greedy algorithm for solving this problem.
The lagrangian of objective function (33) associated with its QoS constraint can be written as
The derivative of Eq. (34) with respect to pt i and px k m can be given as
Eqs. (35) and (36) represent the influence of power increase on the system throughput. Thus, both of them can be regarded as the greedy rule in the greedy algorithm. Besides, from the Karush-Kuhn-Tucker (KKT) conditions, we also have
Thus, we can set λ m = 0 if
On the other hand, if the transmission rate of sDevice can satisfy its basic QoS requirement, we will set λ m = −w 1 to make the greedy rule in Eq. (36) become 0. As a result, the SBS will no longer allocate transmit power to this sDevice. However, if all of the sDevices QoS requirements are satisfied and that the total transmit power has not been run out, we will reset λ m as 0 to restart the power allocation process for improving the system throughput. Then, the greedy algorithm is summarized in Algorithm 1, where f k m and l are the indicating variables to denote whether or not the transmit power px k m and pt i have achieved their corresponding maximum transmit power p max and p U max .
Algorithm 1 Suboptimal Power Control (SPC)
1 Initialization: 
C. COMPUTATIONAL COMPLEXITY OF RESOURCE ALLOCATION
In the subchannel allocation problem, the subgradient method is utilized to solve dual problem (31) . For achieving δ-optimality, i.e., |d − d * | < δ, the number of iterations is on the order of O( 1 δ 2 ) [36] . In each iteration, it is required to compute Eq. (32) for K subchannels. The computational complexity of Eq. (32) is O(M ). Consequently, the total computational complexity of subchannel allocation is O( MK δ 2 ). In suboptimal power control algorithm, Step 5 requires a complexity of O(|P l |+|P u |) for the while loop.
Step 6 needs a complexity of O(MK ) for finding the optimal (u * , v * ).
Step 21 requires a complexity of O(M ) to evaluate the for loop.
Step 26 requires a complexity of O(M ) for if loop. Hence, the worst case computational complexity of SPC is calculated as O((|P l | + |P u |)(MK + 2M )). Then, the total complexity at each step of Eq. (26) is O( Considering ε as the accuracy of the two step iterative algorithm in Eq. (26), solving the resource allocation will take O log(
V. SIMULATION RESULTS
In this section, the simulation results are presented to verify the proposed algorithm. We assume that there is an incumbent Wi-Fi network and a SBS located at (150m, 250m) and (200m, 200m) in a square with size 400m × 400m. The sDevices and wDevices are randomly distributed in the circles of SBS and Wi-Fi with radius of 150m and 100m, respectively. The major simulation parameters are initially set as in Table 1 . The channel fading models in licensed and unlicensed bands are based on Refs [19] and [26] , where PL is in decibels and D is in meters. We evaluate the proposed schemes from the following aspects. First, the convergence and throughput performance of two-step iterative approach (TSIA) in Seciton IV are compared with the GreHybrid algorithm [37] , whose the subchannel allocation is converted into a tentative-cluster construction, and then the subchannel allocation solution is used for solving the power control problem. Second, we illustrate the effects of control parameter β on the tradeoff performance of system throughput and fairness. Finally, we compare our proposed MCDA algorithm with the non-adaptive channel access scheme (NAS), where all of the devices use the same backoff window size. Fig. 2 illustrates the convergence of the suboptimal power control in Algorithm 1. In this experiment, we assume that both the power level sets on licensed and unlicensed bands are set as P L . Moreover, we evaluate the performance of our proposed suboptimal power control through numerical comparisons with the continuous power allocation. With the increase of the number of power levels available, we observe that the performance of our proposed suboptimal power control increases and that the gap between the discrete power allocation and the continuous one becomes smaller. That is because the large number of power levels can improve the accuracy of power control, hence the performance can be improved. However, the figure also shows that the convergence rate of the suboptimal power control in Algorithm 1 decreases with the increase of power levels. That is because at each iteration, the SBS can only allocate at most p max /(P L − 1) or p U max /(P L − 1) transmit power, so it will need more iterations for allocating all of the increased transmit power. Fig. 3 compares the proposed low-complexity suboptimal resource allocation with the GreHybrid algorithm. It shows that our proposed algorithm performs much better than the GreHybrid algorithm. We also observe that the throughput under both TSIA algorithm and GreHybrid algorithm increases with the increase of maximum allowed transmit power. However, with the increase of devices number, TSIA algorithm has a lager performance gain than GreHybrid algorithm. That is because the optimal subchannel allocation can be achieved at the first step of TSIA algorithm. While, the GreHybrid algorithm can only obtain the suboptimal subchannel allocation by constructing the tentative-cluster, so that its performance is affected by the device number. The tradeoff performance between throughput and fairness is illustrated in Figs. 4 and 5. In these figures, U MCDA refers to the instantaneous throughput value, U avg is the average throughput value at each timeslot and U max = max i∈I U i is the upper bound of system throughput. F MCDA is the average fairness value at each timeslot and F max is defined based the optimal solution in Lemma 1. Fig. 4 shows the throughput value as the function of elapsed time t. It is easy to understand that each ''sawtooth'' of the U MCDA curve corresponds to a situation that a specified device has accessed the unlicensed bands. The curve shows that different devices can competitively access the unlicensed bands along the operating of MCDA. We observe from these figures that the achieved average system throughput decreases with the decrease of the control parameter β. It shows that, when the control parameter β is large, the device with large throughput values are more likely to be selected. However, in this case, the system fairness will be reduced as shown in Fig. 5 . When the control parameter is small, the fairness can achieve a very high value at a great sacrifice of the system throughput. Therefore, Figs. 4 and 5 show that our proposed algorithm achieves a tradeoff between system throughput and fairness. Therefore, we can obtain a significant rule for engineering design to flexibly balance the system throughput and fairness performance. We only need to adjust appropriately the control parameter β to let the network operate in a predefined state.
To explicitly show the tradeoff performance of sDevices and wDevices throughput versus the weight factor, α = w 2 /w 1 , we demonstrate the corresponding throughput performance in Fig. 6 . It shows that sDevices' throughput decreases with the increase of weight factor α, while wDevices throughput increases correspondingly. From these observations, we can conclude that our proposed MCDA algorithm can achieve the tradeoff between sDevices and wDevices throughput through adjusting the weight factor α. If the throughput on sDevices is more important than it on wDevices, we can set higher w 1 than w 2 . On the contrary, we set w 2 higher than w 1 .
Finally, we compare our proposed MCDA algorithm with the non-adaptively channel access scheme (NAS) in Figs. 7-9. Fig. 7 shows the throughputs of sDevices under MCDA and NAS versus sDevice number. We observe that the throughputs of SBS under both schemes increase with the increase of sDevice number. On the contrary, as shown in Fig. 8 , the throughput of wDevices decreases with the number of sDevice. That is because, with the increase of sDeivce number, the unlicensed bands utilization in the SBS increases, so that it will bring more user diversity gain. However, due to the fact the increased sDeivces seize more unlicensed bands resource, so it will result in lower wDevices throughput as shown in Fig. 8 . We also observe in Figs. 7 and 8 that MCDA algorithm achieves a larger throughput than NAS when the maximum allowed unlicensed bands is small. However, with the increase of unlicensed bands, Fig. 8 shows that NAS algorithm achieves a larger throughput than MCDA. That is because our proposed MCDA algorithm has an adaptive exponential backoff scheme, where the window size can be adaptively adjusted based on the available device throughput utility. When the maximum allowed unlicensed bands is small, per sDevice's throughput (e.g. 2 × 10 7 bps in Fig. 7 ) is larger than per wDevice's throughput (e.g. 1.87 × 10 7 bps in Fig. 8 ), hence the sDevices will seize more unlicensed bands, which results in larger throughput than NAS. When the maximum allowed unlicensed bands becomes larger, wDevice has a larger throughput (e.g. 2.87×10 7 bps) than sDevice (e.g. 2.4 × 10 7 bps). Therefore, wDevices will occupy the unlicensed bands for a longer time than the sDevices. On the contrary, under NAS algorithm, SBS greedily occupy more unlicensed bands than wDevices, which results a lower system throughput as shown in Fig. 9 . It is also shown in Fig. 9 that, with any sDevice number and unlicensed bands, our proposed MCDA algorithm always achieves a larger throughput than NAS algorithm, which shows the effectiveness of our proposed algorithm.
VI. CONCLUSION
In this paper, we consider the coexistence protocol design and resource allocation of licensed and unlicensed bands for a LTE-U system, where the LTE-U SBS deployed with both licensed and unlicensed spectrum. We propose a fair coexistence mechanism, where the transmit power, licensed and unlicensed spectrum are jointly considered in the designing of channel access and resource allocation. Wherein, an adaptive exponential backoff scheme is developed for the channel access of the unlicensed spectrum. It should be noted that the backoff window size can be adaptively adjusted based on the available device throughput utility. Then, a low complexity two iterative optimization procedure is developed for the resource allocation subproblem. Finally, the tradeoff between network throughput and fairness is revealed. Only by adjusting a control parameter, the proposed backoff scheme provides a controllable method to balance the tradeoff performance and let the network operate in a predefined state.
APPENDIX A PROOF OF LEMMA1
Proof: For maximizing the system throughput, the following equality must be achieved = β(U max − U min ).
APPENDIX C PROOF OF THEOREM 2
Proof: By the two degrees of freedom of constructing the designed Markov chain, we see that all of the states can reach each other within a finite number transitions. Let Pr i ←i denote the probability that the system comes from state i when it enter state i . In the MCDA algorithm, the pervious state has equal probability to be any state i ∈ I. Then, we have
Based on Wq. (25) , device i transmit its packet with τ i . Therefore, we calculate the transition rate from i to i as follows
. , ∀1 ≤ i ≤ I .
Finally, for making the backoff window positive, the control parameter should satisfies
